The functions of glycosphingolipids, especially those containing the a-galactosyl epitope, were investigated during the development and differentiation of rat lens. Glycosphingolipids in embryonic lens tissue were mainly composed of neolacto-series glycosphingolipids and sialic acidcontaining ganglio-series gangliosides GM3 and GD3. These glycosphingolipids and gangliosides were widely expressed on cell membranes in the lens vesicle and the elongating lens fibers. In particular, the expression of neolactoseries glycosphingolipids with the a-galactosyl epitope was found to be associated with the differentiation and interaction of lens fibers. Glycoproteins with the a-galactosyl epitope was also involved in the elongation of lens fibers. The expression of the glycoproteins was highly specific in elongating lens fibers when these were examined in head sections obtained at various embryonic stages. Thus, the a-galactosyl epitope on glycosphingolipids and glycoproteins appears to be associated with the differentiation and elongation of lens fibers in the rat Evolution-related changes in the expression of carbohydrate antigens are also discussed in relation to the development and cell-to-cell interaction of lens fibers in mammals.
Introduction
The lens nucleus originates from posterior lens epithelial cells of the lens vesicle during the fetal stage. In the adult lens, the fibers are derived from anterior lens epithelial cells and migrate to the lens nucleus throughout life (Dickson and Crock, 1975; Bloemendal, 1977; Maisel et al., 1981) . Immunohistochemical study of lens glycosphingolipids (GSLs) revealed that neolacto-series GSLs with the Lewis* (Le*, Gaipi^(Fucal-3)GlcNAc-R), sialyl-Le* (NeuAca2-3Gaipi-4(Fucal-3)GlcNAc-R), and a-galactosyl (Galal-3Gal-R) epitopes were detected in the deeper cortical and nuclear fibers and that the physiological functions of the a-galactosyl epitope in lens fiber development were evolutionarily replaced by the Le* and sialyl-Le x epitopes in primate lenses (unpublished data). However, it is difficult in monkeys and humans to ascertain during the fetal stage whether the carbohydrate epitopes are differentiation-related or embryonic antigens of lens fiber. The study of nonprimate mammals, for example dog, pig, and cow, is also problematic during the pre-and postnatal stages.
Rat lens showed a characteristic distribution and composition of GSLs (Ogiso et al., 1995a,b) . Neutral GSLs were found to be a mixture of isoglobotriaosylceramide (Galal3Gaipi-4Glcpi-lceramide, iGb3), GlcNAcpi-3Gaipi-4Glcpi-lceramide (Lc3) and neolacto-series GSLs, Gal(31-4GlcNAcpi-3Gaipi^Kjlcpi-lceramide (nLc4) and Galal3Gaipi-4GlcNAcpi-3Gaipi-4Glc(Jl-lceramide (IV 3 GalanLc4). Gangliosides were composed of several ganglio-series gangliosides, GM3, GM1, GD3, GD2, GDla and GDlb (Ogiso et al., 1994) . Several of them, including GM3, GM1, GD3 and GDlb, were intensely expressed in anterior epithelial cells with mitotic activity and were detected in the cortex after the differentiation of epithelial cells to elongating fibers (Ogiso et al, 1995b) . GM3 and GD3 were also detected in the lens nucleus. In contrast, the expression of neolactoseries GSLs (nLc4 and IV 3 Ga]anLc4) was restricted to the cortical and nuclear fibers.
In the current study, the localization and composition of lens GSLs were examined in Wistar rats aged between embryonic day 12 (E12) and postnatal day 10 (P10). The a-galactosyl epitope (Galal-3Gal-R) on GSLs and glycoproteins was found in elongating fibers, in association with the differentiation of epithelial cells to lens fibers.
Results

Localization of lens GSLs in embryonic and postnatal rats
Our previous study suggested that GM3, GD3 and neolactoseries GSLs are embryonic carbohydrate antigens in the rat lens (Ogiso et al., 1995b) . Three monoclonal antibodies (MAbs) to GM3, GD3, and GM1 were incubated with frozen sections to locate ganglio-series gangliosides (Figures 1-3) . At embryonic day 12 (El2), anti-GM3 and antd-GD3 antibodies bound weakly to the cells of the lens vesicle. More staining in reaction to the antibodies was seen toward the cystic lumen. During the differentiation of the posterior epithelial cells to primary fibers (E14-E19), the immunoreaction to GM3 and GD3 became intense in the elongating primary fibers, especially on the anterior face of the fibers (El6). At postnatal days (P3-P10), GM3 and GD3 were widely distributed from the cortical region toward the lens nucleus. The primary fibers finally make up the fetal lens nucleus in the adult lens (bold arrows in Figures 1 and 2 ). In contrast, GM1 expression was weak and sparse in lens cells throughout embryonic development (E12-E19), becoming predominant in anterior epithelial cells and superficial lens cortex after birth. Developmental changes in ganglioside expression were also observed in the optic cup, where differentiation of the retina and optic nerve began.
In neutral GSLs, the distribution of the neolacto-series GSLs nLc4 and IV 3 GalanLc4 was examined using MAbs aFGF H-ll and Gal-13, respectively (Figures 4, 5) . Immunoreaction to nLc4 and FV 3 GalanLc4 was observed in em- . c.l., cystic lumen; I.e., anterior lens epithelium; l.f., cortical lens fiber, l.n., lens nucleus; l.v., lens vesicle; p.f., primary lens fiber.
bryonic lens tissues, in association with the differentiation of lens fibers, resembling the reaction to GM3 and GD3. There was an increasing gradient in expression toward the cystic lumen at E12-E14. At E16, immunostaining in reaction to IV 3 GalanLc4 was most intense at the anterior face of the elongating fibers, with enlargement of the lens tissue itself. Immunoreaction to nLc4 was also found around the posterior pole of the lens. After the embryonic lenticular tissue had formed at El9, the expression of nLc4 and IV 3 GalanLc4 became restricted to the lens fibers and was at background level in the epithelial cells. After birth, however, the restricted region of epithelial cells and the border region between the epithelial monolayer and lens fibers were also positive to MAb Gal-13, but not to MAb aFGF H-l 1. Experiments with control ascites fluid showed no immunoreaction ( Figure 6 ).
Composition of neutral GSLs and gangliosides in embryonic and postnatal rats
GSLs were partially purified from 20 or 30 lenses of E19, P3, and P10 rats and analyzed by high-performance thin-layer chromatography (HP-TLC) (Figure 7 ). Several neutral GSLs were recognized through the embryonic and postnatal stages, as detected between 3 and 8 weeks of age (Ogiso et al., 1995b) . The neutral GSL migrating below globotetraosylceramide (Gb4) presumably corresponded to nLc4 (Ogiso et al., 1995a) . Although rV 3 GalanLc4 was not recognized on the HP-TLC plate, its expression was ascertained by the binding of Griffonia (Bandeiraea) simplicifolia-IB 4 (GS-I) lectio, which reacts with the nonreducing terminal of ot-linked galactosyl residues, particularly with the Galal-3Gal31-4GlcNAc-R epitope (Eckhard and Goldstein, 1983) (Figure 8 ).
GM3 and GD3, on the other hand, were mainly recognized in the ganglioside fraction, but slow-moving gangliosides below GDla were not observed ( Figure 7B ). TLCimrnunostaining using three anti-ganglioside antibodies immunologically identified the presence of GM3, GD3, and GM1 from E14 through P10 (data not shown).
Expression of the a-galactosyl epitope in lens proteins
MAb Gal-13 specifically binds to GSLs with the a-galactosyl epitope, but not to glycoproteins (Galili et al., 1987) . Based on I.V. Figure 1 . c.l., cystic lumen; I.e., anterior lens epithelium; l.f., cortical lens fiber, l.n., lens nucleus; l.v., lens vesicle; p.f., primary lens fiber.
this, the localization of glycoproteins with the a-galactosyl epitope was analyzed on frozen sections using GS-I lectin, after lens GSLs were first washed away with chloroform/ methanol ( Figure 9 ). In control experiments, Ulex europeus agglutinin-I (UEA-I) lectin was used to detect a-L-fucosecontaining glycoproteins. No binding of MAb Gal-13 to the washed sections of E12-E16 rats was observed (data not shown).
At the stage of the lens vesicle development (El2), no apparent binding of GS-I lectin was observed. During lens fiber differentiation (E14-E16), cell membranes of the elongating lens fibers, but not epithelial cells, were stained with GS-I lectin. In particular, the anterior face of the elongating fibers originating from the posterior lens cells was intensely stained, similar to the staining for the distribution of IV 3 GalanLc4 (Figure 5) . At E19 and thereafter, the binding of GS-I lectin was restricted to the cortical and nuclear fibers (data not shown). In contrast, UEA-I lectin bound widely to the ocular tissue and surrounding tissues during the early developmental stages.
Interestingly, no a-galactosyl epitopes in glycoproteins were detected in other tissues of E12 and E14 rats ( Figure 10Q , whereas MAb Gal-13 bound to the ocular cup, to several sites of the neural tube and to some regions of ectoderm ( Figure  10A ). No binding of MAb Gal-13 to the washed sections of E14 rat was observed ( Figure 10D ).
When the expression of the a-galactosyl epitope on lens proteins was examined by Western blotting and GS-I lectin, several positive bands were observed at molecular weights of about 100-130 x 10 3 and 20-40 x 10 3 ( Figure 11 ). Of these positive bands, those at Mr 120 and 30 x 10 3 were predominantly seen between E14 and P10. The upper lectin-positive band appeared to be broad, and it disappeared in the nuclear fraction of the 4-week-old rat. The band was also recognized in water-insoluble fractions of dog, pig, and cow lenses.
Discussion
Our previous immunohistochemical study suggested that GM3, GD3, and neolacto-series GSLs in rat lens are embryonic carbohydrate antigens, which are synthesized from lactosylceramide (Gal31-4Glc|31-lceramide) to neolacto-series GSLs by sugar chain elongation or to GM3 and GD3 by sialylation Figure 1 . c.l., cystic lumen; I.e., anterior lens epithelium; l.f., cortical lens fiber, l.n., lens nucleus; l.v., lens vesicle; p.f., primary lens fiber. (Ogiso et al., 1995b) . The current findings confirmed that the expression of these GSLs, in particular a-galactosyl epitopebearing neolacto-series GSL, was associated with the elongation and maturation of lens fiber cells during the fetal stage ( Figure 5 ). MAb Gal-13 predominantly bound toward the cystic lumen of the lens vesicle at E12, and to the elongating primary fibers at E14-E19, in accordance with the differentiation of epithelial cells to primary fibers. It is therefore considered that neolacto-series GSLs function as differentiation antigens of fiber cells in the rat lens as well as in dog and pig lenses (unpublished observations). Although the a-galactosyl epitope was detected on glycoproteins as well, the spatial and temporal expression pattern was considerably different from that of GSLs.
On the other hand, ganglio-series gangliosides were widely distributed in ocular tissues. GM3 and GD3, whose core structure is lactosylceramide, emerged in monolayer cells of the lens vesicle, and their expression proceeded in epithelial cells and elongating fibers. Immunoreactiviry to GM3 and GD3 was, however, somewhat weak on cell membranes in the elongating primary fibers, whereas MAb Gal-13 intensely bound to the frontal region of the lens fibers. GMl, with a gangliotetraose sugar chain, was weakly stained throughout the embryonic stage, since GMl was exclusively detected in epithelial cells and the cortex of the 8-week-old rat lens (Ogiso et al., 1995b) .
Among several GS-I lectin-positive proteins, Mr 120 and 30 x 10 3 proteins were considered to be candidates for lens fiber markers in the rat. It was of interest that, in the nuclear region of the 4-week-old rat lens, the a-galactosyl epitope on the Mr 120 x 10 3 protein disappeared and that the Mr 30 x 10 3 protein shifted to smaller molecular species that are ubiquitous in water-insoluble fractions of dog, pig, and cow lenses. It remains unclear whether or not the Mr 30 x 10 3 protein corresponds to one of a-crystallins, judging from its electrophoretic mobility. In a preliminary experiment, the protein was mainly found in the water-soluble fraction and eluted in high molecular weight fractions containing ot-crystallins by gel filtration (data not shown).
Cadherins are a family of glycoproteins with Mr of about 115-130 x 10 3 that are involved in Ca 2+ -dependent cell-to-cell Figure 1 . c.l., cystic lumen; I.e., anterior lens epithelium; l.f., cortical lens fiber; l.n., lens nucleus; l.v., lens vesicle; p.f., primary lens fiber.
adhesion in a wide variety of tissues (Hatta and Takeichi, 1986; Hatta et al., 1987; Takeichi, 1988) . During lens development, E-cadherin was detected in the lens vesicle and was maintained in lens epithelial cells throughout the embryonic stage. N-Cadherin was uniformly localized in lens fibers as well as in lens epithelial cells, in accordance with the differentiation of lens fibers. In contrast, the GS-I lectin-positive glycoprotein(s) was exclusively detected in the elongating fibers of the embryonic lens. In addition, the expression of the protein(s) began at E14 in a lens fiber-specific manner, following the expression of IY 3 GalanLc4 at E12 in several tissues as well as lens fibers.
The developmental expression of several cell adhesion molecules is also involved in the establishment of lens architecture during the pre-and postnatal stages. In particular, the expression of neural cell adhesion molecule (NCAM), a member of the immunoglobulin superfamily of adhesion molecules, and modification of polysialic acid moiety have been demonstrated in embryonic and adult lenses of chicks, rats, and humans (Watanabe et al, 1989 (Watanabe et al, , 1992 Katar et al, 1993) . NCAM was principally detected in lens epithelial cells, and cell elongation and gap junctional maturation in cortical fibers were associated with a marked decline in NCAM expression during lens fiber differentiation. Since the polysialylation of NCAM is thought to modulate cell adhesion by preventing homophilic interactions in early neuronal development (Rutishauser et al., 1988; Landmesser et al, 1990) , the enrichment of highly polysialylated NCAM in the postnatal stage could reduce the efficiency of cell-to-cell interactions in lens epithelial cells. On the other hand, the findings obtained herein suggest that cell-tocell interactions, which might be mediated through cell surface glycoconjugates, contribute to the differentiation and maturation of lens fibers.
Purification and characterization of the GS-I lectin-positive glycoprotein(s) are underway to clarify their physiological roles in the lens fiber development of non-primate mammals because primates produce a naturally occurring antibody against the ot-galactosyl epitope (Galili et al., 1985 (Galili et al., , 1987 . In primate lenses the expression of GSLs containing sialyl-Le x and Le* epitopes is associated with the differentiation and Figure 1 . c.l., cystic lumen; I.e., anterior lens epithelium; l.f., cortical lens fiber, l.n., lens nucleus; l.v., lens vesicle; p.f., primary lens fiber. maturation of lens fibers (unpublished observations). In addition, Old World monkeys, apes, and humans lacked the a-galactosyl epitope in lens GSLs and proteins (Ogiso et al., 1994) . Based on these findings and the data presented here, the modification of lens GSLs by the Le x and sialyl-Le* epitopes might differentiate cell-to-cell interaction in the lens fibers of primates from that in non-primate mammals.
Materials and methods
Immunohistochemistry of GSLs in rat lens
The localization of lens GSLs was immunohistocheinically examined in frozen sections as described previously (Ogiso et al., 1995b) . Pregnant Wistar rats were obtained from Charles River Japan, Tokyo, and 12-, 14-, 16-, and 19-day-old embryos from litters containing 10-15 fetuses and 3-and 10-day-old pups were used for cryosectioning. Lens tissues were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C overnight, and washed several times in cold phosphate-buffered saline (PBS). Samples were placed in 10, 15, and 20% sucrose in PBS and embedded in Tissue-Tek O.C.T. Compound (Miles Inc., Elkhart, IN). Six-micrometer sections were blocked with 10% rabbit scrum and incubated with monoclonal anti-ganglioside antibodies to GM3 (M2590, 1:50, igM, Meiji, Tokyo), GM1 (MAB 306, 1:40, IgG, Chemicon, Temecula, CA), GD3 (R24, 1:20, IgM, Wako Pure Chemicals, Osaka), and monoclonal anti-neutral GSLs to nLc4 (oFGF-Hll, 1:100, IgM, a kind gift of Dr. Takao Taki, Tokyo Medical and Dental University) (Myoga et aL. 1988) and IV 3 GalanLc4 (Gal-13, 1:1, IgGl, a kind gift of Dr. Uri Galili, the Medical College of Pennsylvania) (Galili et al, 1987) at 4°C overnight. Immunoreaction was detected using die alkaline phosphatase-conjugated SAB kit (Nichirei, Tokyo) and substrate kit IV (Vector Lab., CA).
Extraction and partial purification of lens GSLs
Total lipids were extracted from 10-30 lenses of 19-day-old embryos and 3-and 10-day-old rats with 20 or more volumes of chlOToform/methanol (2:1 and 1:2, v/v) as described previously (Ogiso et al, 1992) . Neutral GSLs and gangliosides were separated by DEAE-Sephadex A-25 column chromatography (1x4 cm, acetate form, Pharmacia LKB Biotechnology Inc., Uppsala, Sweden) by the method of Ledeen et al. (1973) . Neutral GSLs were partially purified by Iatrobeads 6RS-806O column chromatography (1x2 cm, Iatron, Tokyo) and Folch's partition. Gangliosides were desalted through SEP-PAK C18 cartridge (Waters, Milford, MA) . Neutral GSLs were developed on precoated HP-TLC plates (5556, Merck, Darmstadt, Germany) in the solvent system of chloroform/methanol/waler (65:25:4, v/v/v) and detected with orcinol spray. Gangliosides were developed in the solvent system of chloroform/ methanol/0.25% CaCl 2 (55:45:10, v/v/v) and detected with resorcinol spray. Figure I . c.l., cystic lumen; I.e., anterior lens epithelium; l.f., cortical lens fiber, l.n., lens nucleus; l.v., lens vesicle; p.f., primary lens fiber. 25% CaC12 (55:45:10, v/v/v) and detected with resoicinol reagents. Arrowhead indicates a non-GSL compound, st, standard GSLs; CMH, ceramide monohexoside; CDH, ceramide dihexoside; CTH, ceramide trihexoside; Gb4, globotetraosylceramide.
TLC-immunostaining of neutral GSLs and gangliosides
solvents as described above. TLC-immunostaining was carried out using MAbs to GM3 and GD3 and polyclonal anti-GMl antisenun (1:200, Iatron, Tokyo). The second peroxidase-conjugated antibodies (l;500, affinitypurified, Cappel, West Chester, PA) were overlaid, and peroxidase activity was visualized by an immunostaining HRP kit IS-50B (Konica, Tokyo). For the detection of GSLs with the a-galactosyl epitope (Gala 1-3Gal-R), biotinylated GS-I lectin (25 u-g/ml, Vector Lab. Inc., Burlingame, CA) and the Vector ABC reagent were used according to Galili et al. (1987) .
Detection of the a-galactosyl epitope in lens proteins
Protein residues of lens tissues after organic solvent extraction were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. Samples (about 20-30 jxg protein) were subjected to SDS-PAGE on 10% polyacrylamide gel. The proteins were transferred from the gel to Immobilon-P polyvinylidene difluoride membranes (Millipore, Bedford, MA) according to Towbin et at (1979) . The membrane was blocked in PBS containing 5% bovine serum albumin at 37°C for 2 h and incubated with biotinylated GS-I lectin (Vector Lab., CA). Lectin binding was detected using the peroxidase-conjugated ABC kit (Vector Lab., CA) and the Konica immunostaining HRP kit as described above. Molecular weight standards for SDS-PAGE were purchased from Bio-Rad, Richmond, CA.
The localization of the a-galactosyl epitope was carried out on frozen sections using biotinylated GS-I lectin and biotinylated UEA-I lectin (Vector Lab., CA). Prior to incubation with the lectins at 4°C overnight, sections were dipped in chloroform/methanol (1:1) for 5 min to wash away lens GSLs. Lectin binding was visualized by the alkaline phosphatase-conjugated SAB kit. ; (E and F), E16. c.l., cystic lumen; I.e., anterior lens epithelium; l.v., lens vesicle; p.f., primary lens fiber.
/ «£*% Fig. 10 . Distribution of the a-galactosyl epitope in E14 rat. The a-galactosyl epitope on GSLs and glycoproteins were detected with MAb Gal-13 (A) and biotinylatcd GS-1 lectin (C), respectively. Control experiments were carried out in a similar way using control ascites fluid (B) and MAb Gal-13 after washing with chloroform/methanol (1:1, v/v) (D). Low-magnification photographs of embryonic heads were taken. Bars represent 500 ujn. Br, brain; Le, lens; Re, retina.
A 1 2
• i H 
